


INTRODUCTION 

By way of introducing myself and my subject t o  a 

I have not previously met, I should probably begin w i  

am a geophysicist ,  t o  be more prec ise  an earthquake s 

I most of t h e  time. A s  some of you undoubtedly know, 2 
I 

my colleagues i s  t h a t  c r u s t a l  f a u l t s  a r e  rectangular 

inf ini tesimal  thickness i n  an e l a s t i c  halfspace, occa 

Every once i n  a while these f a u l t s ,  happily enough, E 

which keep us a l l  off  t he  streets. This i s  probably 

than most denizens of earthquake country r ea l i ze .  

However loathsome t h i s  notion of c r u s t a l  f a u l t  I 

students of them, it nevertheless has some bas i s  i n  f 

t he  observed ground motion at  E l  Centro, Cal ifornia,  

earthquake (Apr. 9, 1968; M = 6.4) and ground motior 

source-station p a i r  on the  bas is  of a model t h e  paran 

sketched at  t h e  top  of t h e  f igure.  J u s t  t o  be pervei 

l e t  me a l s o  point out t h a t  t he  f au l t ing  motion has bc 

point sources; t h e  " faul t"  i n  t h i s  case not only has 

a l s o  has vanishing in-plane dimension. Mathematical: 

no f a u l t  a t  a l l ,  and i n  view of t h e  remarkable agreer 

standards, between the  observed and synthe t ic  ground 

t h i s  s i tua t ion ,  however nonphysical and i r re levant  i l  

be casual ly dismissed. Geologically speaking, of COI 

~ 

I 

L 

I 

involved, and some 31 km of it broke during t h e  Borrc 

(Clark, 1972). 

The conclusion t o  be drawn here,  apparently, i s  

hundreds of seconds or  l e s s  t h a t  are associated with 

number of people t h a t  

. t h  t h e  problem tha t  I 

ieismologist, a t  least 

L popular notion among 

or c i r c u l a r  planes of 

is ional ly layered. 

:ive rise t o  earthquakes 

a b e t t e r  arrangement 

:ones might be t o  ser ious 

iact .  Figure 1 displays 

of t he  Borrego Mountain 

I computed f o r  t h i s  

neters of which a r e  

rse about t h i s  matter ,  

:en simulated by two 

vanishing width, it 

Ly speaking, t he re  i s  

nent, by seismological 

motion at  E l  Centro, 

t may seem, is not t o  

irse, there  is a f a u l t  

?go Mountain earthquake 

tha t  on time scales of 

rupture of c r u s t a l  
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f a u l t  zones i n  the  course of even the  very la rges t  earthquakes, the  mech- 

anics of c rus t a l  f a u l t  zones and of the  immediate f a i l u r e  zone of i n t e re s t  

can be described largely i f  not wholly by elastic--more cor rec t ly  equivalent- 

elastic--processes.  

f a i l u r e  region with an i n t e r i o r  boundary surface on which e l a s t i c  displace-  

ments or  t rac t ions  a re  specif ied,  but i n  v i r t u a l l y  every case t h i s  can be 

reduced t o  a plane across which ex i s t s  an e l a s t i c  displacement discont inui ty  

( i f  not a point source of double couple moment). 

By equivalent- elas t ic  is  meant the replacement of the  

There is  considerable j u s t i f i c a t i o n  for  and appl icat ion of t h i s  r e s u l t  

seismologically, and it i s  implic i t  i n  v i r t u a l l y  every earthquake source 

mechanism analysis  based on the radiated f i e l d .  

moreover, implic i t  i n  the  estimation of seismic s l i p  r a t e s  v i a  cumulative 

seismic moment sums (Brune, 1968; Davies and Brune, 1971). For a number 

of major p l a t e  boundaries, the  seismic s l i p  r a t e s  so  obtained with 80 years 

of seismic data  a re  i n  remarkable agreement w i t h  p l a t e  motion r a t e s  over 

mill ions of years,  a s  obtained from magnetic anomalies i n  oceanic areas o r  

from geological data  i n  continental  ones. 

T h i s  same r e s u l t  i s ,  

But even i f  w e  admit t h a t  t h i s  seismological notion of f au l t i ng  and 

f a u l t s  is correct  for  such short  time scales--and we might as well t o  the 

extent t h a t  t h i s  notion i s  a t  l ea s t  consis tent  w i t h  the avai lable  informa- 

tion--we s t i l l  may ask: 

development of the subs tan t ia l  ane las t ic  deformation tha t  i s  commonly asso- 

c ia ted  with throughgoing c r u s t a l  f a u l t  zones across an often s ign i f ican t  

dimension normal t o  the plane of o f f se t ?  The answer can only be--as any 

defender of the t rue  f a i t h  knows--not much. 

b 

What i f  anything does it have t o  do w i t h  the 

There i s ,  however, a very wide range i n  sca le  between hundreds of 

seconds and the mil l ion of years involved i n  the  development of a through- 
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I going f a u l t  or major p l a t e  boundary. On what interme 

does the  non-planar, volumetric, ane l a s t i c  deformatic 

I begin t o  develop? I w i l l  address t h i s  issue here wit 

seismicity data  taken over a time sca le  of weeks t o  y 

r e s u l t  i s  t h i s :  even on a time sca le  of weeks t o  yes 

segments reveal  d i s t i n c t l y  volumetric deformation, i f  

t ions  a r e  as good as they a r e  advertised t o  be. W i t 1  

we cannot sample whatever ane las t ic  deformation may t 

f a u l t  zone. Indeed, f o r  a l l  these data  can show us, 

may only be e l a s t i c  displacement d i scont inu i t ies  on n 

the  typ ica l  separation of which a l so  involves a wide 

I 

I SOME EXAMPLES 

1. Central Cal i fornia  

Figure 2 displays the seismicity of cen t r a l  Calid 

(unpublished data  of J. P.  Eaton); i n  general locatic 

although r e l a t i v e  locations i n  spec i f i c  areas a re  unc 

I location e r ro r ,  however, depends on the s t a t i o n  d i s t i  

area  of i n t e r e s t ,  and the d i s t r i bu t ion  of s t a t i ons  i i  

unjlform. I 

While it i s  commonly agreed tha t  the  San Andrea: 

between the  Pac i f ic  and North American p l a t e s  i n  t h i :  

a s ign i f ican t  portion of the seismicity i n  Figure 2 1 

ship with the San Andreas. Even where the  San Andre: 

by seismici ty  (the northwesterly trending alignment 1 

s ign i f ican t  o f f- fau l t  a c t i v i t y  i s  occurring. 

Bautista) the San Andreas f a u l t  has very l i t t l e  seisr 

~ 

I 
I 

~ 

North 

I present time, but a seismically ac t ive  zone of consic 

!diate time sca le ,  then, 

)n along f a u l t  zones 

:h aftershock and regional 

rears. Briefly,  the  

trs, a number of f a u l t  

: the  earthquake loca- 

i these da ta ,  however, 

)e occurring along the 

a l l  of the  deformation 

iu l t i p l e  rupture planes, 

range of dis tance scales .  

iornia i n  the year 1977 

in e r rors  a r e  several  km, 

loubtedly be t t e r .  The 

:ibution local t o  the 

1 Figure 2 i s  f a r  from 

j f a u l t  i s  the boundary 

j region, it is p la in  t h a t  

ias no immediate re la t ion-  

ss faul t  i s  c l ea r ly  limned 

Jetween 36-o and 3 7 O N ) ,  

Jf 37'N (near San Juan 

nic expression a t  the  

ierable  breadth p a r a l l e l s  
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the  San Andreas f a u l t  some 50 km t o  the eas t  of it. This zone of seismic 

deformation i s  traversed by a complex of northwesterly-trending but appar- 

en t ly  not continuous f a u l t s .  

There is, moreover, considerable addi t ional  evidence from the  many 

f a u l t  plane solutions avai lable  for  the region of Figure 2 (W. H. k. Lee, 

unpublished da ta ) ,  geodetic data (Thatcher, 1975), and "instantaneous" 

pla te  motion calculat ions  (Minster and Jordan, 1978), not t o  mention, of 

course, the  longer term geologic data  (e.g. ,  _ -  Graham and Dickinson, 1978), 

t ha t  deformation i n  the cen t r a l  Cal i fornia  region, at  i e a s t  above 37'N, 

involves more than simple block motion across the  San Andreas f a u l t .  

haps somewhat surpr is ingly,  these indicat ions  a r e  amply, i f  only qua l i ta-  

t i ve ly ,  portrayed by one year of seismici ty  data .  

Per- 

2 .  Imperial Valley 

Figures 3a and 3b present 6 years of seismicity data for  the Imperial 

Valley, California (Johnson, 1978). Figure 3a p lo t s  a l l  of the events t ha t  

can be located, while Figure 3b presents only the high-quality locations.  

The b e l t  of seismicity 5 t o  10 km i n  width tha t  extends from the Imperial 

f a u l t  on the south t o  the  San Andreas f a u l t  t o  t h e  north is  re la ted  t o  a 

f a u l t  system comprised, a t  l ea s t  i n  p a r t ,  of a s e r i e s  of ridge-transform 

pa i rs .  

of epicenters,  it seems almost impossible t o  associate  a l l  of t h i s  s e i s-  

micity t o  s l i p  along a s ingle ,  piecewise continuous s e t  of simple f a u l t  

While t h i s  geometry sure ly  leads t o  some of the  apparent dif fusion 

planes. 

t e r sec t ion  south of Brawley i s  being deformed through a s ign i f ican t  volume. 

Similarly, the  connection between the  San Jac in to  f a u l t  zone and the  Imperial 

f a u l t ,  provided tha t  it even e x i s t s  i n  some meaningful sense, is p la in ly  

complicated, in  view of the  d i s t r i bu t ion  of epicenters near SUP. 

The block between the  Imperial and Brawley f a u l t s  near t h e i r  in-  

Altogether, 
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seismic deformation i n  the Imperial Valley occurs over a s ign i f ican t  

ision normal i o  the  trend of r i g h t  l a t e r a l  s l i p  i n  t h i s  region, and, 

1, geodetic data a l so  reveal a pa t te rn  of d i s t r ibu ted  deformation i n  

Imperial Valley (Savage _-  e t  a l . ,  1979). 

lf tershocks of the Parkfield earthquake (June 28, 1966; ML = 5.5) 

Figures 4a and 4b display the well- located aftershocks of the Parkf ie ld ,  

Eornia, earthquake i n  plan and cross- section views, respect ively (from 

1 _ _  e t  a l . ,  1970a). 

$quake locations,  the  e s sen t i a l  ingredient being the  small s t a t i on-  

ing tha t  is now typica l  for  most of the seismically ac t ive  regions of 

€ornia. The location accuracy is about a kilometer, i f  not somewhat 

$r i n  the center  of the  array.  

rshocks c lus t e r  remarkably close t o  the San Andreas f a u l t .  

n the  location accuracy, these aftershocks define a s ing le ,  simple 

e of f a i l u r e ,  over a 30 km length and 1 2  km down-dip width (the heavy 

This study s e t  in te rna t iona l  standards fo r  micro- 

Both i n  plan and cross-section,  these 

Indeed, 

i n  Figures 4a and 4b). 98% of the  more than 200 aftershock focal  

misms suggest an equally simple model of f a i l u r e  i n  the course of the 

rshock sequence. 

Even so, the  s l i g h t  dogleg of approximately one km o f f se t  i n  the ac t ive  

t t r ace  i n  Cholam'e Valley (near 15 km i n  the coordinate system of F ig-  

4a) i s  reproduced by the  aftershock d is t r ibu t ion ,  suggesting control  by 

eper seated s t ruc ture .  

rong c lus te r ing  of aftershocks i n  t h i s  region, t h a t  most of the  larger  

rshocks occurred here a s  well, and tha t  four of the f i v e  anomalous 

t plane solut ions occurred i n  t h i s  region of o f f se t  (Eaton e t  a l . ,  1970a). 

IT  i s  probably not coincidental  t h a t  there  i s  

_ _  
Because t h i s  was the  first such detai led seismici ty  study, a t  l ea s t  i n  

United S ta tes ,  and because of the  remarkable planar geometry of the  
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aftershock zone a t  Parkfield,  t h i s  study has probably contributed s i g n i f i -  

cant ly  t o  the idea t h a t  f a u l t s  a r e  simple planes i n  layered e l a s t i c  half-  

spaces. With the  exception of the dogleg area,  t h i s  is indeed the  case a t  

Parkfield,  a s  it i s  fo r  much of the cen t r a l  reach of the  San Andreas f a u l t  

between Parkfield and San Juan Bautista,  wherein the  f a u l t  is r e l a t i v e l y  

s t r a igh t  and continuous and fau l t ing  motion is dominated by aseismic s l i p .  

This i s  not always the case i n  t h i s  region, however, a s  indicated by the 

d i s t r i bu t ion  of aftershocks of a magnitude 4 earthquake i n  Bear Valley 

(Figures 5a and 5b) (Eaton e t  a l . ,  1970b). Moreover, a recent detai led 

examination of seismicity pat terns  i n  Bear Valley a re  reminiscent of the 

Parkfield dogleg, with earthquakes concentrating i n  j u s t  those regions 

where of fse t  of the ac t ive  t r ace  of the  San Andreas f a u l t  occurs (Bakun 

e t  a l . ,  1979). 

4.  

_ _  

_ _  
Aftershocks of the  Borrego Mountain earthquake (Apr. 9, 1968; M,, = 6.4) 

In s t r i k i n g  contrast  t o  the Parkfield earthquake, two months of a f t e r -  

shocks (April 1 2  t o  June 12, 1968) of the  Borrego Mountain, California,  

earthquake reveal a very complicated s p a t i a l  pa t te rn  (Figures 6a and 6b; 

Hamilton, 1972). Location accuracy fo r  epicenters within the closure of 

the a r ray  is approximately one km, degrading t o  several  km j u s t  outside the 

ne t .  

fau l t ing  along the Coyote Creek f a u l t .  

stimulated a t  dis tances  of 15 t o  20 km away from the observed surface 

fau l t ing ,  on both s ides  of i t .  

Depth resolut ion is estimated t o  be 2 km near the  zone of surface 

Signif icant  aftershock a c t i v i t y  was 

Quite apar t  from the  seismicity well removed from the surface ground 

breakage, it seems d i f f i c u l t  t o  associate  the remaining seismicity with a 

s ingle  plane of f a i lu re ,  or  even a small number of f a i l u r e  planes. Rather, 

the  aftershocks a re  occurring through a s ign i f ican t  dimension normal t o  the 
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lished data). At yal LILUlal l l y l I A v I I c a I  

occupy a range in depth of 7 km o r  more. Quit 

cations, it is most unlikely that a single, si 

suffice to explain the thrust faulting aftersh 

DISCUSSION 

There is abundant evidence in seismicity 

decade, then, that crustal fault zones at dept 

as their surface expressions--and in several c 

Nevertheless, there is certainly a matter of d 

California between 36 and 37'N, where the San 

dominated by aseismic slip, the fault is relat 

continuous--and the great bulk of the seismici 

determined displacements, is also immediately 

More geologically complicated regions have mor 

accumulation patterns. 

Of particular interest is the seismic exp 

features of the active fault trace that persis 

10 km) (Eaton et al., 1970; Bakun -- et al., 1979 

between seismicity and active crustal faults 

has the value of detailed studies of each, the 

fault zone heterogeneity, seismicity patterns, 

active fault traces are only just now being sc 

community. Much potential for earthquake mect 

hazards analysis in several contexts is yet tc 

Perhaps the broadest conclusion to be drz 

rized here is that crustal faults cannot be s j  

of weakness surrounded by otherwise strong upy 

-_  
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stance, aftershocks typically 

e apart from the other compli- 

mple surface of thrusting will 

ocks. 

data obtained in the past 

h are at least as complicated 

ases are considerably more so. 

egree involved. In central 

Andreas fault movement is 

ively simple, straight and 

ty, as well as the geodetically 

associated with the San Andreas. 

'e diffuse seismicity and strain 

iression of small-scale (: 1 km) 

.t to considerable depth (5 to 

I). Although the connection 

ias long been recognized, as 

! mechanical connections between 

and the detailed geometry of 

wght by the seismological 

ianism studies and for earthquake 

be realized. 

twn from the observations summa- 

mple. highly localized zones 

)er crustal material. In  most 



cases, shear stre 

kilometers or mor, 

genic failure ove 

can be no drastic 

itself. 
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-60 km- 

FIGURE 2.5 Comparison of observed and synthetic ground 
motion at El Centm for the Borrego Mountain earthquake. From 
Heaton and Helmbergcr (1977). 
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Hanks - _  et a1 (1971) 

FIGURE 1.-Distribution of aftershocks of the San Fernando 
rarthquake, in the time interval 2900 (CMT) Februars 
10-1700 February 11, 1971. The larger open q u a r e  is the 
main-ahock epicenter; the three nmaller quarrs are  
epicenters for three events ML > 4.5. Solid triangles locate 
the portable rismograph stations. Numbered solid circles 
are aftenhock locations with the depth (km) a6 indicated. 
Open circles with an interior line are shallow aftershocks 
( h  < 6 km). Roman numerals denote groupings of after- 
.hocks: I - epicentral group, 11 - Chatsworth segment. 
111 - eastern group. fault traces after the section by 
Kamb and others in this report. 

- 

Allen et a1 (1973) _ _  

Figure 5. -Schrml ic  J I N C I U V d  crmtou~ m p  s&mg simplified 
m l o u r s  (in km)  a fault phne and rhoruing monoclinal flexuve 
that might explain rtrike-slip eflcrrhocl mechanism on r r n p  
w r t . d i p p i q  p a d  o/ pexure in fault sur/ace. 233 

Figure 7 




